Background: The Dbf4-Cdc7 kinase activates DNA replication, and the helicase is composed of Cdc45, Mcm2-7, and GINS. Results: Dbf4-Cdc7 phosphorylation of Mcm2 is required in vivo for DNA replication, single-stranded DNA accumulation, and GINS-Mcm2-7 interaction. Conclusion: The Dbf4-Cdc7 kinase promotes Mcm2-7 ring opening to allow for origin melting and helicase assembly. Significance: A mechanism for Dbf4-Cdc7 action is described.
The replication fork helicase in eukaryotes is composed of Cdc45, Mcm2-7, and GINS (CMG complex) (1) (2) (3) (4) . The CMG complex assembles in S phase in a manner that is dependent on two cell cycle-regulated kinases, the Dbf4-Cdc7 kinase (DDK) 2 and the S phase cyclin-dependent kinase (5) (6) (7) . The Mcm2-7 forms a heterohexameric ring that is loaded to encircle doublestranded DNA at a replication origin during late M phase or G 1 (8, 9) . Using purified proteins from Drosophila, electron microscopy studies demonstrate that the Mcm2-7 ring exists in vitro in equilibrium between a closed-and open-ring state (10) . Furthermore, studies with purified proteins from Drosophila and budding yeast show that the Mcm2-7 ring opens at the Mcm2-Mcm5 interface (11) (12) (13) (14) . An early study by the O'Donnell group (11) with budding yeast proteins found a weak association between Mcm2 and Mcm5. Subsequent studies of budding yeast Mcm2-7 proteins by Bochman and Schwacha (12) (13) (14) found that the Mcm2-Mcm5 interface acts as a "gate" to allow for the movement of circular ssDNA in and out of the (12) (13) (14) . Moreover, the Mcm2-Mcm5 gate was also predicted as a mechanism for DNA passage based upon cryo-electron microscopy data (15) . Furthermore, it has recently been shown that when Mcm2-7 loads to encircle double-stranded DNA in budding yeast, the Mcm2-7 ring opens at the Mcm2-Mcm5 interface to allow for the double-stranded DNA to pass into the central channel of . Thus, the Mcm2-Mcm5 interface acts as a gate to allow for the movement of DNA into the Mcm2-7 ring.
During S phase, the Mcm2-7 ring transitions from encircling dsDNA to encircling ssDNA (17) . Thus, single-stranded DNA is extruded from the central channel of Mcm2-7 during S phase. The extrusion of single-stranded DNA from the central channel of Mcm2-7 is important for two reasons. First, the helicase unwinds DNA by steric exclusion, and therefore the helicase surrounds just one strand of DNA in its active form (17, 18) . Second, it has been proposed that single-stranded DNA may stimulate the interaction between GINS and Mcm2-7 by the following mechanism. Sld3, a protein required for the initiation of DNA replication, inhibits the interaction between GINS and Mcm2-7 in G 1 (19) . In S phase, when single-stranded DNA is extruded from Mcm2-7, Sld3 disengages from Mcm2-7, and Sld3 preferentially binds to the extruded, T-rich single-strand of DNA (20) . Deletion of CDC7 is lethal, but this lethality can be partially bypassed by the mcm5-bob1 (Mcm5-P83L) mutation (21) or by a partial deletion at the N terminus of Mcm4 (22) . Dbf4-Cdc7 phosphorylates Mcm4 in vivo (23) , and inhibition of Dbf4-Cdc7 phosphorylation of Mcm4 results in a growth defect that is bypassed by a partial deletion of the N terminus of Mcm4 (22) . Dbf4-Cdc7 phosphorylates Mcm2 in vitro (24, 25) , but the physiologic role of Dbf4-Cdc7 phosphorylation of Mcm2 is unclear. It has been shown that in vitro, Dbf4-Cdc7 phosphorylates Mcm2 at serines 164 and 170 (25, 26) . When the gene for mcm2-S164A-S170A (mcm2-2A) is expressed from its endogenous promoter on a plasmid and the cells harboring this plasmid are subjected to a plasmid shuffle assay, no growth defect is observed (26) . However, in the presence of the replication stress agent methyl methanesulfonate (MMS), a growth defect is observed (26, 27) . These data led the authors to conclude that Dbf4-Cdc7 is not required for cell growth under normal conditions, but that Dbf4-Cdc7 phosphorylation of Mcm2 may be important during replication stress (26, 27) .
We report here that Mcm2 is phosphorylated by Dbf4-Cdc7 in S phase under normal growth conditions. We also find that expression of mcm2-2A from a galactose-inducible promoter under equal expression (wild-type and mutant genes are at equal levels) and normal growth conditions results in a dominant-negative severe growth defect. Expression of inducible mcm2-2A under wild-type expression conditions and no replication stress in an mcm2 temperature-sensitive degron (mcm2td) also result in a severe growth defect at the restrictive temperature. Expression of mcm2-2A under wild-type expression conditions results in a substantial decrease in ssDNA formation at an origin of replication, and substantially weakened GINS-Mcm2-7 interaction, whereas Sld3-Mcm2-7 interaction is substantially strengthened in the mutant cells. We also find that in vitro, 
EXPERIMENTAL PROCEDURES
Antibodies-Antibodies directed against RPA were purchased (RPA-Pierce MA1-25889). Antibodies against Mcm2-1-160 were supplied by Open Biosystems (we supplied the antigens). Antibodies against Mcm2-161-173-phosphoserine 164-phosphoserine 170 were also supplied by Open Biosystems. Crude serum was purified against immobilized antigen to remove nonspecific antibodies. The specificity of each antibody was analyzed by Western analysis of purified protein and wildtype yeast extract. Antibodies directed against the FLAG, HA, His, or Myc epitopes were commercially purchased.
Yeast Strains-The mcm2-td degron strain was obtained from Karim Labib (28) . Epitope tags were generated using reagents from Yeast Genetic Resource Center and Karim Labib. The mcm5-bob1 mutation was introduced into the yeast strain by allelic replacement of the MCM5 endogenous locus. The strain used was as follows: YKL69 [MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 MCM2::mcm2-td(URA3)] UBR1::GAL-ubiquitin-M-lacI fragment-Myc-UBR1 (HIS3) IB69  [MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100  MCM2: :mcm2-td(URA3)] UBR1:GAL-ubiquitin-M-lacI fragment-Myc-UBR1(HIS3) MCM5::mcm5Bob1(TRP1).
Plasmids-The following plasmids were used for the experiments in this study: pIB302 (pRS415 CEN6/ARSH4 GALS::MCM2 LEU2) and pIB305 (pRS415 CEN6/ARSH4 GALS::mcm2S164A, S170A LEU2).
Yeast Dilutions-Serial dilution was performed as described (29) . 10-fold serial dilutions were performed on the indicated media and incubated at the indicated temperatures.
FACS Analysis-FACS analysis was performed as described (29) . 6 ϫ 10 6 cells/ml were treated with ␣-factor (Zymo Research) for 3 h. After extensive washes and the addition of 50 g/ml Pronase (Calbiochem), the cells were incubated for 0, 30, or 60 min at the indicated temperature of the experiment. Cell cycle progression was then analyzed by flow cytometry (FACS) stained with propidium iodide with FACSAria.
Chromatin Immunoprecipitation-6 ϫ 10 6 cells/ml were treated with ␣-factor (Zymo Research) for 3 h. Following extensive washes and the addition of 50 g/ml Pronase (Calbiochem), cells were further incubated for 0 or 30 min at the indicated temperature of the experiment. Chromatin immunoprecipitation was performed as described (29) . We performed PCR with [ 32 P-␣]dCTP as a component of the PCR reaction to quantify the amplified DNA product. Formaldehyde crosslinked cells were lysed with glass beads in a BeadBeater (Bio-Spec Products, Inc.). DNA was fragmented by sonication (Branson 450, six cycles of 15 s each). Antibody and magnetic protein A beads (Dynabeads Protein A, Invitrogen 100.02D) were added to the cleared lysate to immunoprecipitate the DNA. Immunoprecipitates were then washed extensively to remove nonspecific DNA. Eluted DNA was subjected to PCR analysis using primers directed against ARS305, ARS306, or a region midway between ARS305 and ARS306 as described (30) . The radioactive band in the agarose gel, representing specific PCR amplified DNA product, was quantified by phosphorimaging and normalized by a reference standard run in the same gel. The reference standard was a PCR reaction accomplished with a known quantity of template DNA replacing immunoprecipitate.
Co-immunoprecipitation-6 ϫ 10 6 cells/ml were treated with ␣-factor (Zymo Research) for 3 h. Cells were then subjected to extensive washes followed by the addition of 50 g/ml Pronase (Calbiochem). Cells (4 ϫ 10 8 ) were collected and lysed at 4°C with glass beads (BeadBeater) in IP buffer (100 mM Hepes-KOH, pH 7.9, 100 mM potassium acetate, 10 mM magnesium acetate, 2 mM NaF, 1 mM PMSF, 0.1 mM Na 3 VO 4 , 20 mM ␤-glycerophosphate, 1% Triton X-100, leupeptin, pepstatin, 1% protease inhibitor mixture (Sigma P8215), 1ϫ Complete protease inhibitor cocktail without EDTA (Roche Diagnostics 04693132001). Lysed material was treated with 200 units of Benzonase nuclease (Novagen 70746-3) on ice for 1 h. Clarified extract was then mixed with 2 l of specified antibody and rotated for 2 h in the cold room, and then 5 l of Dynabeads Protein A (Invitrogen 100.01D) beads, equilibrated with IP buffer, were added and further incubated for 2 h.
Beads were then washed two times with 1 ml of IP buffer and resuspended in SDS-sample buffer. Western analysis was performed using the Odyssey system.
Protein Purification-Mcm2-7 subunits and complex were purified as described (11) . Mcm5-bob1 was purified with the same procedure as Mcm5 (11) . DDK was purified as described (25) . Cdc45 was purified as described (31) . Protein kinase A was a generous gift from Susan Taylor.
Kinase Labeling of Proteins-PKA and DDK kinase labeling was performed as described (25, 29) . Proteins containing a PKA tag at the N terminus (Mcm2 or Mcm3) were radiolabeled in a reaction volume of 100 l that contained 20 M PKA-tagged protein in kinase reaction buffer (5 mM Tris-HCl, pH 8.5, 10 mM MgCl 2 , 1 mM DTT, 500 M ATP, 500 Ci of [␥-32 P]ATP) containing 5 g of PKA or DDK. Reactions were incubated for 1 h at 30°C. The kinase was then removed from the mixture by affinity chromatography.
GST Pulldown-The GST pulldown experiments were performed as described (29) . PKA-and DDK-radiolabeled Mcm2 were matched for radioactive counts and total protein prior to each pulldown experiment. Thus, the specific activities of DDK-labeled Mcm2 and PKA-labeled Mcm2 were identical. GST pulldown reactions were in a volume of 100 l and contained GST-tagged protein in GST binding buffer (40 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 10% glycerol, 0.1% Triton X-100, 1 mM DTT, 0.7 g/ml pepstatin, 0.1 mM PMSF, and 0.1 mg/ml BSA) and varying amounts of radiolabeled protein as described in each figure. Reactions were incubated at 25°C for 1 h. Following incubation, reactions were added to 40 l of prepared glutathione-Sepharose and gently mixed. Binding of GST-tagged protein to the beads was performed for 20 min with gentle mixing every few minutes. When the binding was complete, the beads were allowed to settle, the supernatant was removed, and the glutathione beads were washed two times with 0.5 ml of GST binding buffer. After the last wash, 30 l of 5ϫ SDS sample buffer was added to each reaction, and the samples were heated to 95°C for 10 min. Samples (20 l) were then analyzed by SDS-PAGE followed by phosphorimaging and quantitation.
DNA Binding Assays-Linear 1.5-kb ssDNA containing an ARS305 origin was generated by linear, one-directional PCR. An established ssDNA circularization assay was used to obtain a circular version of this 1.5-kb ssDNA (32) . Thus, the linear and circular ssDNA used had the same sequence and length. Mcm2 Fig. 6 , C and D), as described (12) (13) (14) . Briefly, the first filter is nitrocellulose (BA85; Schleicher and Schuell), capturing protein bound to DNA, whereas the second filter is DEAE-cellulose (DE81, Whatman), binding free DNA. The filters were prepared as described (12) (13) (14) . The reactions were incubated at 30°C for the times indicated in Fig. 6 and then spotted onto a filter stack and quickly washed with an additional 500 l of buffer B2. After filtration using an FH 225V filter manifold (GE Healthcare), the nitrocellulose and DEAE membranes were separated and quantified by scintillation counting. The amount of DNA bound was calculated using the following equation: DNA bound ϭ C NC /(C NC ϩ C DEAE ), where C NC and C DEAE are the radioactive counts retained on the nitrocellulose and DEAE membranes, respectively.
RESULTS

Dbf4-Cdc7 Phosphorylates Mcm2 during S Phase under Normal Growth Conditions-It was previously determined that
Dbf4-Cdc7 phosphorylates Mcm2 at serines 164 and 170 in vitro (25, 26) . We raised a phosphospecific antibody against a peptide of We next used the Mcm2 phospho-antibody to determine whether Mcm2 is phosphorylated by Dbf4-Cdc7 in budding yeast cells ( Fig. 1B ). Whole cell extracts were prepared from wild-type cells and ⌬cdc7 (mcm5-bob1) cells under normal growth conditions. The Mcm2 antibody yields similar signal for wild-type or ⌬cdc7 (mcm5-bob1) cells, as expected. In contrast, the Mcm2 phospho-antibody yields a substantially stronger signal for the wild-type cells as compared with the ⌬cdc7 (mcm5-bob1) cells, suggesting that Cdc7 phosphorylates Mcm2 in budding yeast cells under normal growth conditions.
We then determined whether there is an increase in Dbf4-Cdc7 phosphorylation of Mcm2 as cells entered S phase (Fig.  1C ). Wild-type budding yeast cells were synchronized in G 1 with ␣-factor and then released into medium lacking ␣-factor for 0, 15, or 30 min. The experiment was performed in either the absence or the presence of the replication stress factor, MMS. In the presence or absence of MMS, there is little change in the signal using Mcm2 antibody, as expected. In contrast, when Mcm2 phospho-antibody is used as a probe in the absence of MMS, there is a modest increase in signal at 15 min as compared with 0 min and a further increase at 30 min. These data suggest that in the absence of replication stress, there is an increase in Dbf4-Cdc7 phosphorylation of Mcm2 as cells enter and progress through S phase. The addition of MMS results in little change in signal at time 0, a Dbf4-Cdc7 Promotes Helicase Assembly slight decrease at 15 min, and a modest decrease in signal at time 30 min. These data suggest that replication stress is not required, and does not stimulate, Dbf4-Cdc7 phosphorylation of Mcm2 in S phase.
Dbf4-Cdc7 Phosphorylation of Mcm2 Is Required for Cell Growth and DNA Replication-We next determined whether expression of mcm2-2A exerted a dominant-negative effect on budding yeast cell growth (Fig. 2, A and B) . The mcm2-2A gene was inserted into a pRS415-GALS plasmid and placed under control of the GALS promoter, a galactose-inducible expression system with low expression as compared with other GAL promoters. We also optimized the addition of galactose to yield equal expression (wild-type and mutant genes are at equal levels) conditions (0.15% galactose, final conditions, Fig. 2A ). Whole cell extracts reveal that the levels of Mcm2 in the presence of galactose are 2-fold increased as compared with the absence of galactose, suggesting that there is an equal amount of wild-type-Mcm2 and Mcm2-2A in the presence of galactose ( Fig. 2A) .
Cells were then analyzed for growth by 10-fold dilution on agar plates (Fig. 2B) . A severe growth defect was observed for cells expressing mcm2-2A as compared with cells expressing MCM2 wild type. The experiment was also performed in the mcm5-bob1 genetic background, and the growth defect observed was partially suppressed (Fig. 2B) . These data suggest that expression of mcm2-2A exerts a dominant-negative phenotype with a severe growth defect that is partially suppressed by the mcm5-bob1 mutation. The observation that mcm2-2A exerts a dominant-negative severe growth defect on yeast cell growth leads one to conclude that previously published experiments with the mcm2-2A gene under native (constitutive) expression conditions were likely to select for suppresser mutations (26, 27) . Thus, these previous, native promoter experiments should be interpreted with caution. We next determined whether expression of mcm2-2A affects cell growth when expressed at wild-type levels (Fig. 2, C and D) . To accomplish this experiment, we utilized a published strain for conditional temperature-induced degradation of the endogenous MCM2 gene (mcm2-td strain) (28) . We then transformed these cells with our galactose-inducible mcm2-2A gene.
At 25°C and in the absence of galactose, the endogenous MCM2 gene is expressed, whereas the mcm2-2A gene is not. At 37°C and in the presence of galactose, the mcm2-2A gene is expressed, whereas the native Mcm2 wild-type protein is degraded. We optimized galactose addition to achieve equal levels of Mcm2 expression under 25°C, no galactose conditions as compared with 37°C, plus galactose conditions (0.15% galactose, Fig. 2C ). We then determined whether expression of FIGURE 2. Expression of mcm2-2A results is a severe defect in growth and DNA replication. A, whole cell extracts from cells harboring a plasmid for GALS induction of MCM2-WT, vector, or mcm2-2A (mcm2-S164A, S170A) were examined by Western analysis for Mcm2 (antibody against Mcm2, 1-160), in the absence or presence of 0.15% galactose at 25°C. B, top panel, cells from A were plated by 10-fold serial dilutions onto agar plates. Bottom panel, similar to top panel, except the cells harbored the mcm5-bob1 genetic mutation. C, whole cell extracts from cells harboring a plasmid for GALS induction of MCM2-WT, vector, or mcm2-2A (mcm2-S164A, S170A) in an mcm2-td (temperature degron) strain were examined by Western analysis for Mcm2 (antibody against Mcm2, 1-160), in the absence of galactose at 25°C or in the presence of 0.15% galactose at 37°C. D, top panel, cells from C were plated by 10-fold serial dilutions onto agar plates. Bottom panel, similar to top panel, except the cells harbored the mcm5-bob1 genetic mutation. E, cells from panels C and D at 37°C in the presence of 0.15% galactose were arrested with ␣-factor and released into medium lacking ␣-factor for the time point indicated. Cells were analyzed by FACS with propidium iodine staining for DNA content.
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mcm2-2A under wild-type expression conditions affected yeast cell growth by 10-fold dilution analysis on agar plates (Fig. 2D) . A severe growth defect was observed for cells expressing mcm2-2A as compared with cells expressing wild-type MCM2 (Fig. 2D ). This growth defect is partially suppressed by the mcm5-bob1 mutation (Fig. 2D) .
To determine whether the growth defect in mcm2-2A cells was the result of a DNA replication defect, we subjected wildtype and mutant cells (mcm2-td strain) to FACS analysis ( Fig.  2E ). Cells were arrested in G 1 with ␣-factor and then released into medium lacking ␣-factor for 0, 30, or 60 min at the restrictive temperature ( Fig. 2E ). Wild-type cells exhibited normal progression through S phase, whereas cells expressing mcm2-2A exhibited slow progression through S phase, with little DNA replication observed at 0-, 30-, or 60-min time points ( Fig. 2E) . These data suggest that cells expressing mcm2-2A are defective in DNA replication.
Dbf4-Cdc7 Is Required for Single-stranded DNA Formation at an Origin of Replication-We next determined whether Dbf4-Cdc7 phosphorylation is required for the formation of single-stranded DNA at an origin of replication ( Fig. 3 ). Wildtype or mutant cells (mcm2-td strains) were arrested with ␣-factor and then released into medium lacking ␣-factor for 30 min at the restrictive temperature. Cells were then subjected to chromatin immunoprecipitation with antibodies directed against RPA, the budding yeast ssDNA-binding protein, followed by quantitative PCR probing for origin and non-origin sequences. No hydroxyurea was added to the cells, to assess RPA formation under physiologic conditions. A clear increase in signal was observed for wild-type cells in S phase as compared with G 1 for two early origin sequences, ARS305 and ARS306. In contrast, no increase in signal was observed for a non-origin sequence positioned between ARS305 and ARS306. These data are consistent with published data demonstrating that the formation of ssDNA at an origin of replication is S phase-dependent (30) .
For cells expressing mcm2-2A in an MCM5-WT background, there is a substantial reduction in PCR signal for origin sequences during S phase as compared with wild type (Fig. 3) . These data suggest that Dbf4-Cdc7 phosphorylation of Mcm2 is required for the formation of single-stranded DNA at an origin of replication in S phase. In an mcm5-bob1 genetic background, cells expressing MCM2-WT exhibit an enhanced signal in G 1 as compared with wild-type cells expressing MCM2-WT, consistent with premature formation of origin ssDNA during G 1 in mcm5-bob1 cells. These data are consistent with previously published data showing that ssDNA is formed prematurely at an origin in mcm5-bob1 cells in G 1 (34) . In the mcm5-bob1 genetic background, expression of mcm2-2A results in a diminished PCR signal in S phase only, reinforcing that Dbf4-Cdc7 phosphorylation of Mcm2 is important for singlestranded DNA formation during S phase.
Dbf4-Cdc7 Phosphorylation of Mcm2 Is Required for GINS-Mcm2-7 Interaction-We next investigated whether Dbf4-Cdc7 phosphorylation of Mcm2 is required for helicase (CMG complex) assembly. Wild-type or mutant cells (mcm2-td strain) were arrested in G 1 with ␣-factor and then released into medium lacking ␣-factor for 0, 15, 30, or 45 min at the restrictive temperature (Fig. 4A) . No cross-linking agent and no hydroxyurea were used in these experiments, to assess whether CMG complex formed under normal cellular conditions. Whole cell extracts exhibited equivalent levels of Mcm2, Cdc45, Psf2 (a component of GINS), and Sld3, suggesting that Dbf4-Cdc7 phosphorylation of Mcm2 does not alter protein levels (Fig. 4A, left column) .
We then immunoprecipitated cells with antibodies directed against Mcm2 under conditions that isolate DNA-loaded Mcm2-7 to determine what proteins are bound to DNA-loaded Mcm2-7 (Fig. 4A, right column) . Levels of Mcm2 were equivalent for wild-type cells as compared with cells expressing mcm2-2A, suggesting that equivalent levels of Mcm2 were immunoprecipitated in this experiment. Cdc45 levels were slightly reduced in mutant cells as compared with wild-type cells, suggesting a possible, minor role for Dbf4-Cdc7 phosphorylation of Mcm2 in Cdc45 recruitment to Mcm2-7. However, a substantial defect in Psf2 signal in S phase was observed for mutant cells as compared with wild-type cells, suggesting that Dbf4-Cdc7 phosphorylation of Mcm2 is required for GINS-Mcm2-7 interaction during S phase. Sld3-Mcm2-7 interaction was detectable in wild-type cells in G 1 but not S phase; however, in mutant cells, Sld3-Mcm2-7 interaction was detectable in G 1 and S phase. These data suggest that Dbf4-Cdc7 phosphoryla- We then performed a similar analysis of CMG complex formation in vivo with cells harboring the mcm5-bob1 mutation in the genome (Fig. 4B ). Whole cell extracts exhibited equivalent levels of Mcm2, Cdc45, Psf2, and Sld3 from wild-type as compared with mcm5-bob1 cells expressing MCM2-WT or mcm5-bob1 cells expressing mcm2-2A (Fig. 4B, left column) , suggesting that equivalent levels of protein are expressed in vivo in wild-type as compared with mutant cells. In co-IP analysis with antibodies directed against Mcm2, equivalent levels of Mcm2 are observed for wild-type and mutant cells. Cdc45 levels are also equivalent for wild-type cells as compared with mutant cells. In S phase, equivalent levels of Psf2 are also detected in mutant as compared with wild-type cells; these data suggest that the mcm5-bob1 mutation restores GINS-Mcm2-7 interaction in S phase for cells expressing mcm2-2A. However, in G 1 , Psf2-Mcm2-7 interaction is clearly visible in mcm5-bob1 mutant cells, but not wild-type cells. Sld3 interaction with Mcm2-7 in G 1 is decreased in mcm5-bob1 cells as compared with wild-type cells. These data suggest that during G 1 , the mcm5-bob1 mutation inhibits Sld3-Mcm2-7 interaction, but stimulates GINS-Mcm2-7 interaction.
Dbf4-Cdc7 Phosphorylation of Mcm2 Dissociates Mcm2 from
Mcm5-We next investigated the mechanism that underlies our observation that Dbf4-Cdc7 phosphorylation of Mcm2 is required for ssDNA formation at an origin. Mcm2 binds directly to Cdc45 (10), Mcm6 (11, 35) , and Mcm5 (11, 35) , whereas Mcm2 does not bind to GINS (10) or Sld3 (19) . We used the GST pulldown analysis to determine whether Dbf4-Cdc7 (DDK) modifies any of these interactions (Fig. 5 ). To do this, we labeled the target protein with a GST tag, and we radio- We first studied the interaction between Cdc45 and Mcm2 (Fig. 5A ). We found that GST-Cdc45 bound equivalent (Fig. 5E) . These data suggest that the Mcm5-bob1 mutation opens the putative gate of Mcm2-7, which may allow for the extrusion of ssDNA from Mcm2-7 as shown in Fig. 3 and described previously (34) . We generated a 1.5-kb radiolabeled single-stranded DNA containing the ARS305 origin. We then used established methods (32) to circularize this single-stranded DNA, with no circularization as a control. Thus, we generated linear and circular single-stranded DNA of identical length and sequence.
We next studied the affinity rate for Mcm2-7 binding to these linear or circular radiolabeled single-stranded DNAs (Fig.  6, A and B) . We found that Mcm2-7 binds to linear ssDNA five times faster than circular ssDNA of the same length and sequence. These data are similar to that reported by published work from Bochman and Schwacha (12) (13) (14) . These data suggest that the Mcm2-7 binding site is inside the central channel of Mcm2-7. If the ssDNA binding site were on the outside of the Mcm2-7 ring, then linear and circular ssDNA of the same length and sequence should bind at the same rate. There is also a crystal structure of an archaeal Mcm bound to ssDNA demonstrating that the binding site for ssDNA is inside the central channel of the Mcm ring (37) . Furthermore, the linear ssDNA may bind faster than the circular ssDNA because circular ssDNA binding requires ring opening, whereas linear ssDNA can bind by either ring opening or closed-ring "threading" (12) (13) (14) .
We next studied how mutations of Mcm2-7 affect circular ssDNA binding. We found that Mcm2-7 containing the double phosphomimetic mutant, Mcm2-7-Mcm2-2D (Mcm2-S164D, S170D, a DDK phosphomimetic mutant), binds to circular ssDNA five times faster than Mcm2-7 wild type (Fig. 6B ). Furthermore, Mcm2-7-Mcm2-2D binds to circular ssDNA at approximately the same rate as that for Mcm2-7-minus Mcm6 pentamer, an Mcm2-7 pentamer that lacks the Mcm6 subunit, and thus forms a constitutive open ring (12) (13) (14) (Fig. 6B) . These data suggest that the Mcm2-7-Mcm2-2D complex exhibits an open-ring conformation. The data also suggest that DDK phosphorylation of Mcm2 opens the Mcm2-7 ring. We also tested the Mcm2-7 bearing the Mcm5-bob1 mutation and found that it behaves similarly to Mcm2-7-Mcm2-2D (Fig. 6B) . Thus, mcm5-bob1 may bypass DDK phosphorylation by constitutively opening the Mcm2-Mcm5 gate; however, it is also possible that mcm5-bob1 may bypass the requirement for DDK by some other, unknown mechanism.
We next studied the concentration dependence for Mcm2-7, wild type and mutants, for binding to linear or circular ssDNA (Fig. 6, C and D) . Binding to linear ssDNA was similar for wildtype as compared with mutant Mcm2-7 complexes. In contrast, for circular ssDNA, mutant Mcm2-7 complexes bound to DNA 
DISCUSSION
New Findings in this Study-We found that Dbf4-Cdc7 phosphorylates Ser-164 and Ser-170 of Mcm2 in vivo during S phase under normal growth conditions ( Fig. 1 ). Furthermore, we found that equal expression (wild-type and mutant genes are at equal levels) of mcm2-S164A, S170A (mcm2-2A) results in a severe growth defect under physiologic conditions ( Fig. 2A) , and this growth defect is partially suppressed by the mcm5-bob1 mutation. Expression of physiologic levels of mcm2-2A under in an mcm2-td strain at the restrictive temperature results in a severe growth defect as well (Fig. 2B) , with slow progression through S phase ( Fig. 2E) . These data suggest that Dbf4-Cdc7 phosphorylation of Mcm2 is required for DNA replication and cell growth under physiologic conditions. We also found that cells expressing mcm2-2A exhibit a substantial decrease in origin ssDNA formation during S phase (Fig. 3) . Cells harboring the mcm5-bob1 mutation exhibit increased origin ssDNA formation in G 1 , as shown in Fig. 3 and described previously (34) . Cells expressing mcm2-2A exhibit substantially decreased GINS-Mcm2-7 interaction in S phase and increased Sld3-Mcm2-7 interaction in S phase (Fig. 4A ). These data are consistent with previously published in vitro data, demonstrating that the formation of origin ssDNA promotes a switch from Sld3-Mcm2-7 interaction to GINS-Mcm2-7 interaction (20) . We also find that Dbf4-Cdc7 phosphorylation of Mcm2 inhibits the interaction between Mcm2 and Mcm5 (Fig. 5C) (Fig. 5D ), suggesting that the mcm5-bob1 mutation bypasses the requirement for Dbf4-Cdc7 phosphorylation of Mcm2 by an alternative mechanism for Mcm2-7 gate opening.
The (8, 9) . However, upon origin activation in S phase, the double hexamers dissociate, and each Mcm2-7 single hexamer translocates in opposite directions (17) . Our in vitro studies were performed with Mcm2-7 single hexamers. A key event in activation of the helicase is the dissociation of double Mcm2-7 hexamers to single hexamers. Although we do not know at present the mechanism of double hexamer dissociation, we do know that the N termini of Mcm2-7 subunits interact with one another to form interhexamer contacts (15, 36) . Thus, it has been proposed very recently that kinase phosphorylation of Mcm2-7 N termini, such as DDK phosphorylation of Mcm4 and Mcm6, may contribute to double hexamer dissociation (15, 36) . Based upon the architecture of the Mcm2-7 double hexamer, it has also been proposed that double hexamer dissociation occurs prior to single-strand extrusion (15, 36) .
Model for Dbf4-Cdc7 Function during Replication Initiation-We propose the following model for Dbf4-Cdc7 function during replication initiation (Fig. 7) . During G 1 , Sld3-Cdc45 binds directly to Mcm2-7 (Fig. 7A) , as demonstrated by data published here and elsewhere (39, 40) . A recent crystal structure of the middle domain of Sld3 identifies this domain of the protein as the binding surface for Cdc45 (41) . Sld3 interaction with Mcm2-7 blocks the premature interaction between GINS and Mcm2-7 because Sld3 competes with GINS for JANUARY 9, 2015 • VOLUME 290 • NUMBER 2
Dbf4-Cdc7 Promotes Helicase Assembly
JOURNAL OF BIOLOGICAL CHEMISTRY 1219
Mcm2-7 binding (19 (23, 25) . Dbf4-Cdc7 phosphorylation of Mcm4 may be important for the direct attachment of Cdc45 to Mcm2-7 during S phase, by a mechanism that may involve the alleviation of an inhibitory action of an N-terminal region of Mcm4 (22, 23) . Dbf4-Cdc7 also phosphorylates Mcm2 during S phase, as demonstrated by data in this study ( Figs. 1 and 2 5 and 6) , allowing for the extrusion of ssDNA from the central channel of Mcm2-7 (Fig. 7B ). The generation of ssDNA at an origin may dissociate Sld3 from Mcm2-7 because Sld3 prefers binding to ssDNA as compared with Mcm2-7 (20) . As Sld3 switches from binding Mcm2-7 to binding ssDNA, GINS now binds directly to . GINS also binds directly to Cdc45 to form the CMG complex, and the interaction between Cdc45 and GINS seals the Mcm2-7 ring encircling ssDNA ( Fig. 7C) (10, 36) .
The generation of ssDNA at an origin may be generated by Previous work with Xenopus extracts suggests that in the Xenopus model system, Cdc45 and GINS load onto DNA simultaneously (42) . In contrast, budding yeast Cdc45 binds to Mcm2-7 before GINS binds to Mcm2-7. It may be that there is a species-specific difference with regard to sequential Cdc45 and GINS binding in Xenopus as compared with yeast. Alternatively, differences in experimental approach or conditions may explain the difference between the conclusions of these studies.
The Role of Sld2 and Sld7 in Origin Activation-Previous work from our laboratory has identified Sld2 as a protein that binds to Mcm2-7 in G 1 and blocks the interaction between GINS and Mcm2-7 in G 1 (29, 33, 43) . During S phase, when single-stranded DNA is extruded from the central channel of Mcm2-7, Sld2 disengages from Mcm2-7, allowing GINS to bind Mcm2-7 (29, 33, 43) . Thus, in these respects, Sld2 functions similarly to Sld3. Indeed, Sld2 forms a complex with Sld3 and Dpb11 in S phase in response to cyclin-dependent kinase (CDK) activation (44, 45) . Therefore, during S phase, the Sld3 and Sld2 proteins likely behave as a single protein complex. Thus, the Sld3-Sld2 complex transitions from Mcm2-7 binding to ssDNA binding once the single strand of DNA has been extruded from the central channel of Mcm2-7. Sld7 binds to Sld3 as well, and Sld7 may help Sld3 recruit Cdc45 to .
Dbf4-Cdc7 Helps Activate the Replication Fork Helicase-The CMG helicase encircles single-stranded DNA during replication fork unwinding because the mechanism of CMG helicase activity is that of steric exclusion (17, 18) . Dbf4-Cdc7 may play a critical role in opening the Mcm2-Mcm5 gate of Mcm2-7, allowing for the extrusion of ssDNA from the central channel of Mcm2-7. In this manner, Dbf4-Cdc7 is critical to activate the CMG helicase. Moreover, Dbf4-Cdc7 stimulates the interaction between Cdc45 and Mcm2-7 that may involve the Dbf4-Cdc7-dependent phosphorylation of Mcm4 (22, 23) . Finally, Dbf4-Cdc7 phosphorylation of Mcm2 is required for GINS attachment to Mcm2-7. Thus, Dbf4-Cdc7 stimulates ssDNA extrusion from Mcm2-7, Cdc45-Mcm2-7 interaction, and GINS-Mcm2-7 interaction to help assemble the CMG complex around single-stranded DNA. These three functions of Dbf4-Cdc7 are required to promote the activation of the eukaryotic replication fork helicase.
